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INTRODUCTION 
The optical detection of transient surface motion has many practical applications 
which include, in particular, the vibration monitoring of engineering structures (aircraft, 
power plants, ... ) and the detection of ultrasound produced by piezoelectric transducer or by 
pulse Iaser excitation. This last application where ultrasound is generated and detected by 
Iasers, presents many advantages over conventional piezoelectric based methods. First, 
laser-ultrasonics is a remote sensing technique. Consequently it can be used, for example, 
for inspecting hot materials and products moving on a production line. Second, surfaces of 
complex shapes can also very easily be probed. For many applications, these advantages 
compensate the usually lower sensitivity ofthe laser-based technique compared to 
piezoelectric transduction. 
The ultrasonic wave or vibration is detected by sending a probe beam onto the 
surface in motion. This motion induces in-turn a phase variation on the beam scattered by 
the surface. The device used for the detection of ultrasound should be designed to convert 
this phase variation into an amplitude variation, i.e. to perform phase demodulation on the 
scattered beam. This task has been usually performed by passive interferometers, the most 
useful being the confocal Fabry-Perot (CFP) operated in a transmission or reflection mode 
[1 ]. 
TWM ADAPTIVE INTERFEROMETER 
Passive interferometers for the detection of surface motion can be advantageously 
replaced by active or adaptive interferometers based on two-wave mixing 
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Figure 1. Principle ofphase demodu1ation by two-wave mixing in a photorefractive 
crysta1: a phase modulated signal beam Ed (O,t) and a pump beam Ip interfere inside the 
photorefractive crysta1 to produce an index of refraction grating: a 1oca1 oscillator beam is 
diffracted by this grating and interferes with the transmitted phase modulated signal beam 
to give a demodulated signal. 
(TWM) or phase conjugate schemes in photorefractive crystals [2, 3, 4]. In the TWM 
scheme two beams, a phase modulated signal beam ( Ed ( 0, t}) and a pump beam interferes 
in a photorefractive crystal (Fig.1 ). They create an index of refraction grating through the 
photorefractive effect that is a replica of the illumination pattem. The two beams are then 
diffracted by this grating, leading to the creation, in the direction of the transmitted signal 
beam, of an unmodulated local oscillator ( diffracted pump beam) that has the same phase 
structure as the signal beam and interferes with it. W e are then in the usual configuration of 
homodyne detection except that in this case the incident beam (signal beam) can have any 
structure, and the field ofview oftbis set-up is not limited by the antenna theorem [5]. 
When the period of the phase modulation or its duration is much smaller than the response 
time ofthe photorefractive effect, the photorefractive grating can be considered stationary 
and the phase of the loca1 oscillator as constant. Then, the amplitude of the transmitted 
signal beam can be written [ 6] : 
ax 
EAx,t} = e-2 EAO,O}[(erx -1)+e'rp(tl) (1) 
where the incident signal beam amplitude is EAO,t) = EAO,O)e•rp(tl. In this expression a is 
the absorption ofthe crystal, x is the thickness ofthe crystal and yis the photorefractive 
amplitude gain [7]. The first ofthe two terms in bracket in equation (I) represents the 
diffracted pump or, in other words, the local oscillator. The second term is the transmitted 
signal beam. One has to note that in general yis a complex quantity, the modulus ofwhich 
represents the strength of the diffraction grating, while its phase is associated to the spatial 
phase shift between the index of refraction grating and the illumination grating. 
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In the limit oflow value ofphase modulation cp(t) « n/2 (i.e. cos(cp(t)) ~ 1 and 
sin(cp(t)} ~ cp(t)) expression (1) allows to calculate the intensity ofthe signal beam after the 
crystal: 
(2) 
where y = y' +i y" . The photorefractive crystal COUld be Operated in two regimes: the 
diffusion regime without any DC field applied to the crystal or in the drift regime i.e when 
a high DC voltage is applied to the crystal. The photorefractive effect in the diffusion 
regime (which corresponds to y''=O) results in a local oscillator in phase with the signal 
beam and zero sensitivity to small amplitude phase modulation. As it is true for any 
interferometer, linear and maximum sensitivity is obtained when the local oscillator and the 
signal beam are in quadrature. This condition could be fulfilled in the diffusion regime by 
using incident orthogonal polarizations [2] or anisotropic diffraction [3] and by adding a 
quarter wave plate. In the drift regime, the phase between the local oscillator and the signal 
beam is naturally near or in quadrature. In addition the use of an applied electric field 
increases the coupling constant which results into a more intense local oscillator. 
In order to use a photorefractive interferometer for ultrasonic detection in most 
industrial conditions, the grating build-up should meet the following conditions. First, it 
should be sufficiently long to properly generate the reference beam and it should be short 
enough to Iimit the sensitivity ofthe interferometer to low frequency ambient vibrations 
and adapt itself to the rapid change of the speckle pattem when the inspected product is 
moving or the inspected location is changed. An additional reason for a short response time 
is to allow the use of a pulsed Iaser. The higher peakpower of pulsed Iaser usually 
compensates for the Iosses associated with the scattering and absorbing surfaces. In practice 
these requirements mean a value ofthe responsetime around 10 J.lS. First employed, the 
BaTi03 crystals quickly showed limitations regarding their slow response time that render 
the devices very sensitive to vibrations [2]. Consequently, in order to have the benefit of 
rapidity, set-ups that use photorefractive semiconductors were developed [3]. However, 
these semiconductor crystals have low values for their electrooptic coefficients, which 
results into weak photorefractive two-beam coupling gain. A known solution to increase 
the photorefractive coupling is to apply an extemal electric field to the crystal [7]. The 
impossibility to apply an uniform electric field to a GaAs crystal, due to the field enhanced 
recombination on the EL2 defect, led us to use another kind ofiii-V photorefractive 
material, semi-insulating Iron doped Indium Phosphide (InP:Fe), upon which an uniform 
DC field can be applied, resulting to an enhancement of the photorefractive effect. The DC 
field also affects the response time and the etendue of the crystal. 
PHOTOREFRACTIVE InP:Fe UNDER AN APPLIED DC FIELD 
We have first performed a series of experiments with a 500 m W continuous wave 
(CW) Iaser andin" ideal "conditions, with plane waves and with a signal beam of 
sufficient power. However in practice, these "ideal" conditions are rarely encountered, most 
ofthe inspected materials having scattering surfaces with low reflecting properties, which 
means that the retumed beam ( signal beam) is usually a low power speckled beam. 
Furthermore, in order to have high cut-offfrequency (around 10kHz), we need a high 
power pump (1 0 to 100 times higher than the one used in the CW regime ). Both these 
requirements impose to use high power pulse illumination. The photorefractive phase 
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demodulator should be therefore analyzed in this regime and we should in particular verify 
that the performances found in the CW regime can be extrapolated to high power pulse 
operation. 
The laser is a single mode Nd-Y AG laser that delivers 50 J.lS FWHM pulses with an 
energy of 1 OOmJ, at a repetition rate between 1 and 20 Hz. In our system the laser power is 
splitted into two beams. The first beam is transmitted to the low reflecting surface of the 
test object by a large core multimode fiber. Another large core multimode fiber (numerical 
aperture of 0.36 and core diameter of l mm) is used to transmit the collected scattered light 
to the phase demodulator. The second beam is the pump beam ofthe TWM set-up. In order 
to have a few milliwatts ofreturned power incident on the photorefractive crystal, most of 
the laserpower is sent onto the inspected material, and only a small part ofthis beam (less 
than 10%) is used in the pump beam. The maximum incident pump beam peak power is 
then araund 100 W /cm2. Owing to the pump power used and a sufficiently long pulse 
duration, the photorefractive grating is fully built at the pulse maximum, so we are in a 
quasi-steady-state regime at the peak ofthe pulse, when the measurement is performed. 
We used an InP:Fe crystal with properties optimized according to the CW 
measurements. The crystal has an iron doping ofabout l to 3 x 1016 cm-3 and an 
absorption coefficient a = 0.8 cm-1. The dimensions of the crystal are 6.6 mm x 6.6 mm x 
9.95 mm along directions [110], [001] and [l 10], the optical thickness being 9.95 mm, 
with antireflection coated input faces. In the CW regime we measure a photorefractive gain 
lri=0.3cm-1 andalimitofdetection 8eex =2.7x10-6 Ä rw (whichisingoodagreement v& 
with a calculated value Of 8tth = 2.5 X 10-6 Ä rw ). V& 
The photoconductivity oflnP:Fe is important and, with high illumination levels a 
high current is produced causing crystal heating. The main effect of this heating is to 
increase the conductivity, which in turn increases the current, accelerating heating until 
destruction of the crystal. In order to reduce heating of the crystal we apply the high 
voltage only during a small period of time during which we make the measurement. The 
duration used for fie1d application is 170 J.lS. This duration is sufficiently long compared to 
the crystal response time, so the steady state is reached before the end of the electrical 
pulse. This approach is also justified by the fact that ultrasound is generally detected by 
laser pulses of small duration ( a few tens of microsecond) and low repetition rates ( 1 to 1 00 
Hz), so it is quite appropriate to apply the electric field only during the time needed for 
detection. The applied valtage varies between 0 and 3200V which corresponds to electric 
fields up to 7 kV. cm-1. Although a high current flows across the crystal (due to the high 
illumination and high applied valtage ), we notice only a small increase of the temperature 
of the crystal ( of about 1 OK) at the highest pump peakpower (for l 00 W /cm2 and 10 Hz 
repetition rate). The set-up uses the anisotropic diffraction configuration, a Babinet 
compensator after the crystal to optimize the signal and a differential detection scheme as 
shown in figure 2. The mean grating spacing is araund 4 J.1ffi and, corresponds to a mean 
angle between the two beams around 15°. This choice is a compromise between a large 
angle, which is associated to a large etendue (we want it tobe limited by the multimode 
fiber) and a small angle, which is associated to a large grating spacing and large gain in the 
drift regime used. W e have introduced in the probe beam (before the coupling into the 
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Figure 2. Schematic describing the anisotropic diffraction set-up: half-wave plate (HWP), 
polarizing beam splitter (PBS), babinet-soleil compensator (BSC). 
multimode fiber) an electro-optic phase modulator for testing the system. The modulator is 
excited sinusoidally, and produces a phase shift equivalent to a displacement of 2.4 nm 
over the whole frequency range of interest. 
EXPERIMENT AL RESUL TS 
For phase modulated frequencies higher than the low frequency cut-off ( around 10 
KHz), the response ofthe photorefractive setup is predicted tobe flat without a high cut-off 
frequency. W e have experimentaly verified that the response is fla't up to 300 MHz, which 
is the limit of the optical detector used. For the experiments performed to evaluate the 
sensitivity, the frequency rangewas restrained to a bandwidth of 15.5 MHz, centered at 8 
Mhz, by an electronic filter. The noise ofthe systemwas essentially photon noise, although 
there was some residual electronic thermal noise. All the sensitivity measurements were 
performed by taking only into account the photon noise. Foreach frequency we measured 
the signal-to-noise ratio from which we deduce the limit of detection by taking into account 
the signal beam power incident on the crystal (taken after the input polarizer, used to 
vertically polarize the depolarized beam issued from the multimode fiber). The result is 
shown in Fig. 3. As expected, the sensitivity is constant over the whole frequency range 
With an absolute value Of Ötex = 3.3 X 10-6 Ä rw, which COITeSponds tO the One obtained v& 
in the CW regime. The performance of this photorefractive device was also compared with 
another high etendue device for ultrasound detection, the CFP interferometer [1]. Forthis 
purpose we sent the signal beam into a 1m long CFP interferometer used in the 
transmission mode (mirror reflectivity 85%) and measure the signal-to-noise ratio. The 
results arealso shown in Fig. 3. We See that the minimum limit Deex = 3 X 10-6 Ä rw is V& 
about the same as the one obtained with the photorefractive device. This value is also in 
agreement with the theoretical value, Deth = 2 X 1 o-6 ÄJi obtained for an interferometer 
stabilized at halfheight [1]. Fig. 3 also shows that the TWM photorefractive interferometer 
based on InP:Fe under applied electric field is superior to the CFP interferometer over most 
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Figure 3 :Sensitivity (limit of detection) ofthe photorefractive beam mixer based on InP:Fe 
with an app1ied electric field (•) compared to the CFP interferometer (X). The electronic 
bandwidth extends from 1 to 15.5 MHz. 
CONCLUSION 
Wehave presented the characteristics of an interferometer based on TWM in InP:Fe 
under an applied field, for the detection of ultrasonic motion from a scattering surface. The 
experimental results agree weil with the theoretical predictions. The measured 
characteristics of this device confirm its potential for industrial inspection. The device has 
also been compared to the confocal Fabry-Perot, presently widely used for uhrasound 
detection. Their sensitivities and etendues are about the same. However, the TWM device 
is more compact and does not require any extema1 electronic stabi1ization system against 
ambient vibrations or thermal drift. The TWM is also operated in a differential detection 
scheme, which allows to eliminate the amplitude fluctuations of the Iaser or the envelop of 
the pulse when working with a pulsed laser. The TWM also presented a flat frequency 
response, without notches, up to the cut-off frequency of the detectors. lt is particularly 
advantageous in the region of low ultrasonic frequencies (below 2 MHz). In spite of the 
improvements brought by the TWM, the CFP still maintains some advantages. In 
particular, it can be operated with identical performances at any optical or near infrared 
wavelength by using appropriate coatings on the mirrors. The CFP is less sensitive than the 
TWM to the Doppler shift associated to the velocity of the sample in the direction of the 
line-of-sight [8]. This is linked to the short response time of the CFP (typically 0.1 
microsecond, for a one meter long cavity with finesse of 1 0), much shorter than the 
response time of the TWM in semiconductors. This faster response time results also into a 
greater capacity of adaptation of the CFP to the modification of the speckle pattem 
collected from an inspected sample moving perpendicularly to the Iaser beams. This 
advantage is however associated to a higher low frequency cut-off and a reduced sensitivity 
for the detection of low ultrasonic frequencies, as mentioned above. 
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